temperatures over the next century are likely to result in drastic reductions in growth rather than a gradual decline in coral health, but that corals with fewer local stresses will be better able to survive bleaching events, underscoring the need for local conservation measures.
Semi-quantitative measures of reef condition have documented a worldwide decline in reef quality over the past several centuries 1, 4 . Unfortunately, the details of how this reduction in reef health occurred are poorly known in part because extensive ecological surveys typically began only a few decades ago 2 . An outstanding issue is the extent to which stressors result in gradual changes in reef quality or whether there are tipping points in the ecology of reef species or communities that, when passed, result in abrupt major decline in reef condition. Also in question is whether the combination of multiple stressors reduces coral resistance to episodic events such as bleaching.
Ecological studies have demonstrated that reefs are exposed to a slate of stressors ranging from coral diseases 5 , removal of grazing and predatory fish 6, 7 , and coastal development 8 that are associated with the gradual loss of coral cover or overgrowth by fleshy algae. However, cases like the almost complete disappearance of the dominant Agaricia corals in the Belize lagoon in 1998 suggest there may also be threshold effects associated with episodic events that are still poorly understood 9 .
To test whether coral health declined gradually or abruptly, we collected drill cores from four fore-reef sites along a gradient of runoff exposure on the Mesoamerican Reef ( Fig. 1) . Our study utilizes 92 cores collected in 2006-2007, with the longest cores extending back to the 1860's, while the majority of the cores span the last 50-70 years.
Coral growth rates, representing coral health, were measured based on annual density bands in the skeleton 10 using the program CoralXDS 11 . The growth record from each core was standardized by dividing each year's growth by the long-term mean, and then all records were averaged from a site to construct a master chronology 12 . Master chronologies capture the common environmentally driven coral growth signal and filter out micro-site differences (Fig. 2) .
Annual growth rate data for all four sites are relatively invariant over the initial ~100 years of the record but nearly all corals display a prominent stress band in 1998, recognized by an increase in skeletal density, and 94% of corals show a marked reduction in extension rates that persists for two years or more (Fig. 3) in August of 1998, and very high levels of mortality 20 .
It may not have been just the extent of warming during 1998 that was particularly damaging to corals but also that the reef had passed a threshold in reef degradation that made bleaching much more severe than in earlier years. Heat stress was greater in 1983
than 1998 based upon a calculation of the degree-month heating index 21 Reef 23 and has developed in the past decade even during heating events that were not as severe as those observed in the past.
It is possible that hurricane Mitch (October 21-29, 1998, Category 5) played a role in coral mortality and reduced growth rates during 1998, but we find little evidence to support this hypothesis. Although hurricanes can be extremely destructive to branching and platy corals through mechanical damage, massive corals typically survive, so the loss of Montastrea sp. after 1998 and the reductions in growth rates reported here are likely due mainly to the bleaching event 14 . The associated runoff from hurricane Mitch extended over most of the southern portion of the Mesoamerican Reef and reduced water clarity for several weeks 24 . However, we have found no geochemical signature associated with excessive runoff from Mitch, even in cores analyzed at extremely high resolution using laser ablation 25 . The lack of signal indicates that the corals stopped calcifying due to the bleaching event (August 1998) prior to the hurricane. We have also detected little evidence of reduced growth from earlier hurricane strikes (Fig. 2) .
For instance, hurricane Hattie (Category 5) destroyed Belize City in 1961, and passed directly over Turneffe Atoll, while Fifi (Category 3) passed over the three southern sites in 1974. However, the only significant reduction in growth rates potentially associated with a hurricane is in 1961 at the Sapodilla Cayes (Fig. 2) .
Supporting evidence for our suggestion that the Mesoamerican reef passed a tipping point in 1998 comes from a comparison of the recoveries of the different reef sites from the bleaching event. Our study sites span a range of exposure to runoff from the highest sedimentation at the Sapodilla Cayes to the lowest at Turneffe Atoll 26 .
Notably, extension rates from the Sapodilla Cayes still have not recovered completely in more than eight years while corals from Turneffe Atoll recovered in about three years (Fig. 2) . These patterns correlate with post-bleaching survey data, which found that although the corals along the whole reef appeared to bleach uniformly in 1998, the southern reefs of Belize and Utila exhibited higher coral mortality than the rest of the Mesoamerican Reef 20 . Levels of partial mortality also support a geographic difference in overall mortality. For example, at Turneffe Atoll 6% of corals exhibit partial mortality and about 29% lack the 1998 stress band, while Sapodilla corals display 16% partial mortality and 100% have stress bands (Table 1) . Much the same pattern is seen in our Honduras sites where corals at Utila still have not recovered to pre-1998 growth rates, perhaps due to high local stresses related to sewage effluent and overfishing associated with the large local human population. Utila is also the only site where corals have any significant change in growth rates and a stress band associated with the 1995 bleaching event. We suggest that corals growing in areas exposed to high chronic stresses such as sedimentation and large human populations were both less resistant and resilient to bleaching than corals from areas with lower chronic stress.
Widespread coral bleaching is usually associated with increased water temperatures, and bleaching appears to be increasing in frequency as the climate warms 27 . Confounding stresses may increase coral susceptibility to bleaching or subsequent mortality. The Mesoamerican Reef, and Belize in particular, was considered relatively pristine until quite recently 1 , with the first reef-wide bleaching event reported in 1995 23 . The lack of previous stress bands or partial mortality events, compared with the immense reductions in growth rates and increased mortality in 1998 indicates that the 1998 event was unprecedented on the fore-reef in Mesoamerica. We propose that the 1998 event caused such widespread bleaching and mortality not seen during previous high temperature stress in 1983 and 1941 due to recent additional stress factors, including increased runoff. Our results suggest that corals in the Mesoamerican reef system have been able to maintain relatively stable growth rates even in the face of increasing pressures from runoff and reef habitat degradation over the past 50-150 years. However, the increase in the frequency of bleaching events in the past decade and the nearly complete cessation of growth associated with the 1998 event suggests that the reef system is becoming less resistant to episodic stressors, even in response to events that do have historical parallels in the past century. Furthermore, the prolonged period required for coral extension rates to recover to pre-1998 levels, particularly in the more impacted reef systems, suggests that the predicted increase in heat stress events is likely to have catastrophic consequences for the Mesoamerican reef tract. However, the resistance and resilience of corals at Turneffe Atoll and Cayos Cochinos indicate that conservation measures that decrease localized stresses such as runoff may boost the ability of corals to survive future climate change. 
